We developed
a technique to determine the vertical distribution of CO from ground based solar spectra measurements. A method to retrieve elements of the carbon monoxide (CO) vertical distribution from ground-based high -resolution infrared solar spectra has been developed. The method is based on the fact that the total column amount retrieved by nonlinear least squares spectra fitting techniques depends on the shape of the assumed apriori profile and this dependence is a function of the absorption line intensity and the lower state energy of the transition.
Four CO lines between 2057 and 2159 cm "_ have been selected and the method has been tested on synthetic spectra. The CO total column content and average concentrations in two atmospheric layers (surface to 400 mbar and 400mbar to the top of the atmosphere) can be retrieved with precisions of about 1% and less than 10% respectively.
Solar spectra recorded at Kitt Peak from 1982 to 1993 have been analyzed. The CO total column and the average concentration in the two layers show an asymmetrical seasonal cycle
with extreme values of(1.1-2.1) x 1018 molecules cm "2, (50-80) parts per billion by volume (ppbv) in the top layer and (80-160) ppbv in the bottom layer, and precisions of 1,3, and 6%
respectively; a spring maximum and late summer minimum are observed. 
Introduction
Ozone (03) is one of the most important telluric gaseous components from the Earth's surface to the top of the atmosphere, but in different layers its role in atmospheric chemistry and radiative transfer, and the processes that regulate its variation, are different [Worm Meteorological Organization (WMO), 1991] . Stratospheric ozone that absorbs UV radiation with a wavelength shorter than 300 nm is susceptible to depletion by catalytic cycles involving decomposition products of man-made chlorinated and halogenated compounds (the phenomenon of the Antarctic ozone hole, etc.) Ozone in the upper troposphere and lower stratosphere (-10-17 km) contributes to greenhouse warming, and its amount is controlled by both dynamics and photochemistry. Exhaust products of jet aviation result in a perturbation of the ozone content at these altitudes, and both theoretical and experimental studies of this effect are now in progress [Albritton et al., 1993] . In the lower troposphere, ozone is one of the key components in almost all photochemical processes, with high levels leading to adverse effects on human health, vegetation, etc. [McKee, 1994] . Analysis of balloonsonde measurements has shown that, at least in the northern hemisphere, there has been a steady ozone in1On leave from the Institute of Atmospheric Physics, Moscow, Russia.
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crease of 10% per decade over the past two decades [WMO, 1991] . An increase of a factor of 5 since the beginning of the 20th century is indicated from analysis of old ozone measurements at the Pic du Midi Observatory iv.France [Marenco et al., 1994] . Thus the study of the 03 vertical distribution is one of the most important problems in atmospheric physics and chemistry.
Many passive and active measurement methods and retrieval algorithms are now in use for measuring O3 profiles. A comparative analysis of the most widely used and reliable of these algorithms has been reported by Rodgers et al. [1988] . All passive remote techniques have an area of maximum sensitivity above 10 km, where about 90% of the ozone total column is located. Furthermore, ground-based methods such as the Umkehr technique [Rodgers et al., 1988] and microwave sounding [Connor et al., 1994 [Connor et al., , 1995 provide reliable results only for altitudes higher than _20 km. Thus tropospheric and lower stratospheric ozone is not measured.
Ground-based high-resolution infrared (IR) solar spectroscopy is a powerful tool for the study of not only total columns of atmospheric trace gases, but also their vertical distribution [Pougatchev and Rinsland, 1995; March_ et al., 1980; Adrian et al., 1992; Goldman et al., 1991; Taguchi et al., 1990a] . Taguchi et al. [1990a] reported results of an ozone profile retrieval using heterodyne measurements in the regiov, of the 9.6-#m 03 absorption band. The error analysis by Taguchi et al. [1990b] showed that their method is sensitive to the vertical profile in the 10-to 30-km altitude range. Pougatchev and Rinsland [1995] showed that in the case of carbon monoxide (CO), the analyzed spectrum contains features that are sensitive to dif- 
Method
The et al., 1982, 1984, 1985] . 
Inverse Method
The measured spectrum may be conceptually described as 
and x_ is the a priori state vector, Sa is its covariance, S_ is the covariance of ey from (1), and
where f isa forward model, which is distinguishedfrom for- 
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Ozone profile used in this study. Solid line shows column in layers; dotted line shows volume mixing ratio. and A matrix are known for some discretization of the profile, the retrieved summary column in M -< 29 adjacent layers q's is
or in vector form,
where A_ is the averaging kernel characterizing retrieval q_ in the ith layer (ith row of the A matrix) and A_ is the averaging kernel for the ozone column retrieval from M layers. For the ease of M = 29, As characterizes the total ozone retrieval.
In the following section, both the A matrix and the error terms are analyzed. 
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Averaging Kernels
Expression (5) gives us a straightforward way to calculate of the A matrix. If the true profile q differs from the a priori one only by a perturbation in a singIe kth layer, i.e.,
where d is a vector with components di= dS_k (i = 1, 2, "", 29), d is a scalar, and 8_k is the Kroenecker delta, then q, = q, + dA k and study the behavior of the retrieval and, using (6) Figure 4 have been se-
where Ak is the kth column of the A matrix.
Thus, calculating 29 synthetic spectra with the ozone profile defined by (7) and then running 29 retrievals, we obtain the A matrix for the specific a priori profile and set of parameters of the forward and inverse model.
In the forward and inverse models the atmosphere has been stratified inte 29 layers• For the retrieval of the ozone vertical profile from the ground-based IR solar spectra, the number of retrieved elements of the profile is, obviously, excessive from the point of view of the vertical resolution attainable. However, averaging kernels calculated on such a fine grid enables us to 
Thus we see that the retrieval provides an unbiased estimate of the true profile. In practice, we never know (q), so that the adopted a priori profile might provide some bias and smoothing. A rough idea of the a priori contribution to the specific retrieval is given by (6) 12.3 -0.9 -0.6 *Standard deviation of the retrieval in the corresponding layer caused by random noise in a spectrum with signal-to-noise ratio of 100.
terrors of the retrieval caused by the temperature profile shift of A T = + 1 K in all layers.
where q_ and qai are the elements of the retrieved and the a priori ozone profiles in the ith layer and A_ is the corresponding averaging kernel. Then the ratio (qai -Aiq_)/q; or, approximately, (q,i -A_q,,)/q,i is the relative contribution of the a priori profile to the retrieval. The last quantity is also listed in Table 2 .
To illustrate how the retrieval follows the true profile, Figure   5 shows the columns retrieved in layers 2. [Grant, 1989] . The dashed line in Figure 6 is the 45°bisectrix.
A correction of 5.6 DU for the difference in 
Vertical Distribution
The results of the ozone column retrieval in four layers are listed in Table 3 and plotted in Figure 8 . The meaning of the lines and symbols in Figure 8 is the same as in Figure 7 . [NoveUi et al.,1992 [NoveUi et al., , 1994 ] measurements have been reported from numerous stations. In addition, vertical profile information has been obtained from airborne measurements with in situ sensors [Seller and Fishman, 1981; Boatman et al., 1989] and from remote sensors flying on the U.S. shuttle [Reichle et aL, 1990; Rinsland et aL, 1992] . Ground-based infrared spectroscopic measurements are an important com' ponent of the CO database, but until the present, this method has been used only for retrieving the CO total column even Copyright 1995 by the American Geophysical Union.
Paper number 94J1_2387. 0148-0227/95D4JD-4Y2387505.00 though these spectra also contain information about the CO vertical distribution. Fur_&ermore, extensive sets of highquality infrared spectra covering many years were recorded for several sites, for example, Kitt Peak (320N, 112"W, 2.1 km above sea level), where infrared spectra containing CO absorption features have been recorded since 1976. These spectra are a potential source of information about the CO vertical profile and its variation with time.
These considerations urged us to develop a ground-based spectroscopic method for retrieving information about the vertical distribution of carbon monoxide from _ solar spectra. One important requirement for this method is that it should be applicable to solar spectra recorded in previous years, which typically had resolutions of 0.01 to 0.04 cm -I. The spectroscopic appearance of terrestrial CO lines in the infrared region has several important characteristics:
(1) there are numerous telluric CO absorption lines in the [1980] reported HCI vertical profiles derived from sets of 0.02 cm =1 resolution solar spectra covering the Rl and P5 fines of H35C1. Numerous spectra were recorded at zenith angles from 50°through 90°. The method is based on the fact that the curvature of the atmosphere and the refraction are significant for high (>85°) zenith angles, which means that the absorption fraction of the same element of the vertical profile in spectra recorded at different angles is a function of the Sun's height. The main restriction of this method is the necessity for very rapid recording of a sequence of spectra at very low Sun. More recently, Adrian et al. [1992] reported retrievals of the HC1 vertical profile on the basis of trying several types of profile shapes to achieve the best fit to the measured absorption fines.
Unfortunately, these two approaches could not be applied to our study of the CO vertical distribution. Sequences of the very low Sun spectra are not available to us, and the telluric CO lines are overlapped by telluric and solar interferences, making it difficult to retrieve the CO vertical distribution directly from the measured line shape.
The main objectives of the present work are as follows: (1) develop a practical method for retrieving the CO vertical distribution from ground-based IR solar spectra with a resolution <0.04 cm-I; (2) test the method on synthetic spectra to study the influence of the instrumental noise and uncertainties in the assumed a priori information on the result of retrieval; and (3) analyze a time series of solar spectra recorded at the National Solar Observatory on Kitt Peak for the CO vertical distribution and its variation with season.
and Pt(v') is the monochromatic transmittance of all interfeting gas components in the Earth's atmosphere.The CO total vertical column abundance is defined by the equation
where h is the altitude above the observation point.
The retrieval of the total column is obtained by fitting regions of the spectral data centered on individual CO lines via the NLLS technique
where If is the measured intensity at wavenumber vi and 0 is a scaling factor for the a priori vertical profile of the target gas. We assume in (1) that r(i) = Ora(i), where ra(l) is the profile assumed a priori; _ is the vector of supplementary parameters such as the intensity in the spectrum that corresponds to the 100% transmission level, scaling factors to retrieve the content of interfering gases. To improve the quality of the total column re_eval, these parameters are determined as part of the minimization of G in 0). The vector _ is the set of parameters which are assumed a priori but not fitted as a part of retrieval, for example, the temperature-pressure profiles and the spectroscopic parameters of the absorption lines. The set 0', _' which produces a minimum of G in (3) is assumed to be the best estimate of the retrieved total column Q' Q' = O'f:dh n(h)ra(h)
Method
The method is based on the fact that the total column amount retrieved by nonlinear least squares (NLLS) spectral fitting techniques depends on the shape of the assumed a priori profile and this dependence is a function of the absorption line intensity and the lower-state energy of the transition.
The intensity I at a wavenumber u recorded by a spectrometer can be written as As can be seen from (1) and (3), the accuracy of Q' depends on how close the shape of the a priori profile ra(h) is to the shape of the true one at the moment of observation. Here we assume that the two profiles rl(h) and r2(h) have the same shape if there exists a nonzero constant c such that r l(h) = cr2(h) for all h.
As was shown by Pugachev [1988] , in the absence of any other sources of error (except a small discrepancy in the shape of the profile), the retrieved total column Q' obtained from (3), can be expressed as
where 1o(V) is the intensity of the solar radiation incident at the top of the Earth's atmosphere, excluding solar CO fine absorption; A(_u') is the response function of the spectrometer; To(v') is the function approximating the transmission in the presence of solar CO lines; the exponential term represents the monochromatic transmittance due to the terrestrial CO lines and the integral is taken along the refracted ray from the spectrometer to the top of the atmosphere; n(I) is the air number density; r(1) is the telluric CO volume mixing ratio; K(T(I), p(J), v') is the CO absorption coefficient at temperature T(l) and pressure p(I); f-
Q' = Jo dh w(h)r(h)n(h)
Here r(h) is the true profile at the moment of observation, and it can be written as a linear combination of a priori profile ra(h) and some unknown function _0(h)
where re(h) is the component with the same shape as assumed a priori in (1) and (3) . The weighting function w(h) is defined as
_Q--* O where 8Q' is NLLS estimation of 8Q when the true profile is
where 8(h -h') is the Dirae delta function. Note that this definition (equation (7)) of the weighting function differs from the one usually used in the remote sensing theory (see, for example, Rodgers [1976] ). Following the ideology of Rodgers [1990] and Backus and Gilbert [1970] , our weighting function is instead an "'averaging kernel" for the total column content.
It is obvious that the weighting function (WF) defined by (7) and (8) depends on the shape of r0(h) and for all r(h) with the same shape as re(h) should be a valid relation fo" dh w(h)r(h)n(h)/fo" dh r(h)n(h) Is:
It also was shown [Pugachev, 1988] that the altitude dependence of w(h) is determined mainly by the absorption in the line center and the temperature dependence of the line intensity (this dependence is determined by the energy of the lower state of the transition, E"). Thus the weighting function for strong lines with 100% absorption in the central part has a maximum at the ground; and in contrast, the weighting function for weak lines with relatively low 13"increases with altitude. Thus the retrieval of the total column from lines with a different weighting function provides us with the formal opportunity to retrieve information about the vertical distribution of the target gas from the ground-based solar spectra.
The total column contents Qj retrieved from M lines (j = 1, 2, --. , M) are
where r(h) is the unknown true vertical profile, Q_ is the total column retrieved from thejth line; all Qj are retrieved with the same assumed a priori profile ra(h). The profile r(h) is presented in form (6) where ro(h) has the same shape as ra(h). The system (10) can be rewritten as i.e., the component of the total column content due to ro(h) and 8Qk are the contents of the target gas in the kth layer due to the component of the profile cp(h); and _t¢ is the value of wl(h) from the interval [wj(hk-O, w t(ht) ] and on the basis of the theorem of the mean value for integral _/is defined as s: Is:
Q) ffi dh wy(h)r(h)n(h)
vP_4 = dh wj(h)cp(h)n(h) dh _p(h)n(h)(12)
t-I t-I
Thus we have a system (11) of M linear equations with K -< M -1 variables Q0, {SQt} k = 1, 2, --., K. To calculate the coefficients for the system (11) via formula (12), we have to know the shape of the true profile or assume some reasonable a priori profile. The influence of the a priori profile oh the weighting functions will be studied further.
Average mixing ratio of the target gas in the kth layer r t can be calculated as follows: here Q0, {SQt} are the solution of the system (11) and 0 is
dh ra(h)n(h)
I
In other words the set of rk is the elements of the vertical profile retrieved with the resolution {ht_ j, hi}, k ffi 1, 2,..., K. Thus the expressions (6)-(13) form the basis for the retrieval or"the vertical profile from the ground-based solar spectra using the NLI.,S spectral fitting technique to estimate the total column from individual lines.
The practical aspects of the problem such as the vertical resolution attainable, the influence of the a priori information and instrumental noise should be studied for each specific target gas. Results of the application of the method to the retrieval of the CO vertical distribution are presented in the next part of this section.
Intervals Selection
Based on the analysis of simulated spectra, we selected four spectral intervals, each containing a single I2CO or 13CO line. Examples of each interval in a Kitt Peak solar spectra axe presented in Figure 1 with the identification of the most distinctive features. Numerical characteristics of the intervals and CO "lines are listed in Table 1 . Additional weak lines occur in the intervals, and each terrestrial CO line is overlapped by solar CO absorption from the same transition.
As can be seen from Figure 1 and Table 1 , the riCO R3 and the other three lines have significantly different intensifies and values for the lower-state energy of the transition (E'). The influence of the interfering terrestrial components can be practically eliminated by simultaneous (with the CO) retrieval of their column content from the same spectrum. To avoid errors caused by inaccuracies in solar CO line parameters, a special study has been done, which is discussed in the following section.
The spectroscopic parameters assumed in this study have been taken from the 1992 H1TRAN compilation Table 1 .
Weighting Function Calculation
Weighting functions for the selected intervals have been calculated by the following procedures:
(1) a synthetic spectrum has been calculated with a profile approximated by (8). As r0(h), two profiles have been taken: the CO profile from Smith [1982] (see our Figure 2 ) and the profile with the constant mixing ratio 100 ppbv in the whole atmosphere. To simulate the deltafunction response,theconcentration ina layer I to 2 km thick (depending on the altitude) has been increased so that 8Q = 0.2Q0, where Q0 is the CO total column content for r0(h); (2) the total column Q' has been retrieved from these calculated spectra with to(h) as the assumed a priori CO profile. Thus in accordance with (7) the value of the weighting function at the altitude of the dis- Vertical resolution. To .determine the vertical resolution with which the solution of (! I) remains stable, the method has been tested on synthetic spectra calculated with a set of tropospheric CO profiles [Seller and Fishman, 1981] . It has been found that our two types of weighting functions, one with a maximum at the top and the Other with a maximum at the bottom and intersection at 300--400 mbar (7--8 kin), enable us to retrieve refiabiy only the total column amount and the average concentrations in two atmospheric layers: one extending from the surface to the 400-mbar (7 km) level and the other from 400 mbar to the top of the atmosphere. Furthermore, it was found that CO profiles consisting of these two layers fit the synthetic spectra generated with real profiles [Seller and Fishman, 1981] to the Kitt Peak sigualto-noise ratio of 200. No additional vertical profile information can be retrieved from spectra of such quality.
Error analysis. In this section, studies of the sensitivity of the solution of (11) due to instrumental noise and uncertainties in the CO spectroscopic parameters, the effective solar zenith atigle, the assumed a priori temperature profile, and the shape of the CO profile are reported. AJI of the sensitivity studies have been done with synthetic spectra.
First of all, thestability of the solution of (11) with respect to errors in Qj (of any origin) has been studied. It was found Sat a 1% disturbance in any Qj causes relative errors in the retrieved total column (Q') less than 1% and changes in the average concentrations in the bottom (ri) and top (r2) layers of less than 4%. The addition to the spectra of random noise with a normal distribution and an amplitude I% of a maximum signal level results in noise in the retrieved Qj of less than 3% for the P-branch lines and 0.3% for the R 3 line. Figure 2 . To simulate the situation with a polluted boundary layer, profile V has been constructed from profile IV by tripfing the CO concentration in the lowest 2-kin layer. The relative accuracy of Q', rl, and r 2 derived from these retrievals are presented in Table 2 .
It is seen from these studies that the method's precision can be estimated as roughly +-1% for Q' and +-10% for r i and r 2. A systematic bias of +-3 to +-6% is estimated. 3.
Results and Discussion
The method described above has been applied to the The retrieved average CO concentration in the botwin and top layers are plotted in Figure 6 . Triangles represent the result obtained from a single spectrum and solid curves are drawn through the monthly averages. The seasonal cycles of both components of the CO vertical distribution have the same phase as the one for the total column with a maximum in the spring and a minimum in the late summer to early fall. However, the spread of the measurements is significandy larger than that obtained for the total column, Thus the precision (based again on the interday spread) of the retrieval in the bottom layer is 3% and 6% in the top layer. This result is consistent wi.th the results of the numerical experiments with the different types of CO profiles described in the prev!ous section.
The comparable results of in situ measurements and photochemical modeling of the CO concentration are also plotted in Figure 6 1994) . There is agreement among an the data for the bottom layer, but for the top layer there are significant discrepancies between our measurements arid the modeling results. Unfortunately, there are no other measurement data suitable for comparison. Based on the agreement among the total column data and among measuremetits and model calculations of the average concentration in the bottom layer, we infer that the model overestimates the average CO concentration above the 400-mbar (7 kin) level. From our measurements the average ratio of the CO concentration in the bottom layer to the average concentration in the top layer is 2.2 +-0.1 (the averaging has been done over all ratios of individual retrievals). The v',due of this ratio for the profile in Figure 2 is 1.6 and for the profiles in Figure 4 it varies from 1.2 to 2.3.
